The objective of this study was to compare the bio-efficacy of 2-hydroxy-4-methylthiobutanoic acid (DL-HMTBA) with that of DL-methionine (DLM) as sources of methionine in terms of the growth performance, carcass traits, feather growth, and redox statuses of Cherry Valley ducks. Six hundred and thirty male ducks were randomly allotted to 9 dietary treatment groups with 7 replicates of 10 birds each. The first group received a basal diet (BD) without methionine addition that was deficient in the total number of sulfur amino acids. In Groups 2 to 5 and Groups 6 to 9, the BD was supplemented with 4 increasing doses of methionine as either DLM or DL-HMTBA. The trial was run from ages 1 to 42 d. Dietary supplementation with DLM and DL-HMTBA improved body weight gain and feed intake as well as weights of carcasses, breast meat, and feathers compared with the BD. No significant difference was observed between the 2 methionine sources on growth performance, carcass traits, and feather growth. Concentrations of some redox markers in the pectoralis major muscle were improved by addition of methionine to the BD. However, a significant difference was observed between DLM and DL-HMTBA in this respect, as the supplementation of DL-HMTBA significantly increased the total antioxidant capacity, the activities of glutathione peroxidase, and the concentration of reduced glutathione in the pectoralis major muscle, compared with DLM. No significant difference between methionine sources was found with regard to the concentrations of oxidized glutathione and malondialdehyde in the pectoralis major muscle. Both DLM and DL-HMTBA increased malondialdehyde concentrations in the pectoralis major muscle compared with the BD. In conclusion, these results indicated that DLM and DL-HMTBA have equal biological value for the growth performance, carcass traits, and feather growth of Cherry Valley duck. Moreover, the improved antioxidant capacity observed with DL-HMTBA makes this a better candidate than DLM for lowering the oxidation process in the meat during postmortem storage and thereby contributes to a better duck meat quality.
INTRODUCTION
Methionine is the first-limiting amino acid in commercial wheat/maize-soybean-based poultry diets and plays an important role in improving growth perfor-mance, carcass quality, and egg production (Vieira et al., 2004; Xie et al., 2006; Albrecht et al., 2017; Liu et al., 2017; Wen et al., 2017; Xue et al., 2018) . Methionine deficiency reduces the protein accretion rate and feather growth and impairs immune function in broiler chickens (Sauer et al., 2008; Zhang and Guo, 2008) . These deficiency symptoms can be counteracted via the dietary supplementation of chemically synthesized DL-methionine (DLM) or its hydroxy analogue, 2-hydroxy-4-methylthiobutanoic acid (DL-HMTBA). Although these compounds both provide L-methionine activity to various classes of livestock alike, they are chemically different in that DL-HMTBA has a hydroxyl group at the asymmetric carbon atom, whereas DLM has an amino group. This chemical difference results 3166 in numerous differences between them with respect to chemistry, absorption, transport in the body, and tissue metabolism (Métayer et al., 2008; Martín-Venegas et al., 2009 , 2014 . Many experiments (Lemme et al., 2002; Opapeju et al., 2012; Zelenka et al., 2013; Kluge et al., 2015; Agostini et al., 2016) and meta-analyses (Jansman et al., 2003; Kratzer and Littell, 2006; Sauer et al., 2008; Remus et al., 2015) have been performed to evaluate the efficacy of DL-HMTBA relative to DLM as a source of methionine in poultry and swine, and these have led to conflicting results. However, duck studies on the efficacy of DL-HMTBA as a source of methionine relative to DLM are rare. To the authors' knowledge, only 1 study was performed on growing Pekin ducks from 1 to 21 d of age, indicating that DL-HMTBA and DLM have the same efficacy (Kluge et al., 2015) .
Besides growth performance, feather growth is an important economic trait for duck production. Feathers are important body structures that provide insulation to reduce maintenance energy needs and prevent skin abrasions and infections (Urdaneta-Rinconand Leeson, 2004) . Optimum feathering is considered crucial in modern broiler production due to the demand for high carcass quality (Lopez-Coello, 2003) . Poor feathering increases the condemnations and downgrading of birds at slaughtering and also decreases the number of down feathers produced, thus reducing the net profit associated with duck production (Zeng et al., 2015) . Factors such as nutritional deficiencies, toxicity, pharmaceuticals, nutrient concentration, and feed restriction may affect feathering (Barbi et al., 2003) . Indeed, many studies have reported that cysteine and methionine are involved in the synthesis of feather keratin and are important for feather growth (Wheeler and Latshaw, 1981; Zheng and Zhang, 1989; Guo, 2011; Zeng et al., 2015) . Cystine is the major component of keratin, whereas methionine is involved via its conversion to cysteine (Champe and Maurice, 1984) . Interestingly, a previous report revealed that the transsulfuration from homocysteine to cysteine was higher with DL-HMTBA relative to DLM, thus yielding more cysteine (Martín-Venegas et al., 2006) . In addition, cysteine is required for the synthesis of reduced glutathione (GSH) and taurine. These sulfur compounds are recognized as playing fundamental roles in antioxidant mechanism (Métayer et al., 2008; Jankowski et al., 2017; Park et al., 2018) . Therefore, DL-HMTBA might have a higher biological value for feather growth and antioxidant capacity than DLM does. However, these hypotheses need to be verified.
Therefore, the aim of this study was to compare the efficacy of DL-HMTBA and DLM as sources of methionine for the growth performance, carcass traits,feather growth, and redox statuses of Cherry Valley ducks reared from 1 to 42 d of age.
MATERIALS AND METHODS

Birds and Housing
The Institutional Animal Care and Use Committee of Huazhong Agricultural University, China, supervised and approved this study's experimental protocol of this study. A total of 630 1-d-old male Cherry Valley ducks were reared from 1 to 42 d in 63 floor pens featuring 10 ducks each. Feed and water were provided ad libitum. The temperature was maintained at 33
• C during the first week, and then was gradually reduced daily by 1 to 2
• C to approximately 25
• C until 14 d of age. Afterward, the temperature was kept at around 25
• C. The room was lit for 24 h daily during the first week and for 16 h daily from 8 to 42 d.
Experimental Diets
Ducks were randomly allocated to 9 dietary treatments with 7 replicates of 10 birds each. The first group received a basal diet (BD , Table 1 ) with a low native methionine concentration, whereas the other nutrients met the recommendations given by the National Research Council (NRC, 1994) . The compositions of amino acids in the BD were analyzed (Supplemental Table 1 ). Groups 2 to 5 and 6 to 9 received the BD supplemented with either DLM (Rhodimet NP99 Adisseo, 99%) or DL-HMTBA (Rhodimet AT88 Adisseo, 88%) in the amounts necessary to supply 0.04, 0.12, 0.16, and 0.20% of methionine equivalents for the grower phase and 0.02, 0.06, 0.10, and 0.14% for the finisher phase (Table 2) . Feed was pelleted by extrusion using spiral shaft machine at room temperature and was offered with water ad libitum.
Measurements
Body weights were measured per pen at 0, 21, and 42 d. Feed intake (FI) was calculated for each pen for the following periods: day 0 to 21, day 21 to 42, and day 0 to 42. Body weight gain (BWG) and feed conversion ratio (FCR) were calculated for the aforementioned periods. Mortality was registered from day 0 until day 42.
Furthermore, the methionine efficacy of the dietary treatments was calculated in the overall experimental period (1 to 42 d) as the incremental intake of extra methionine was needed to produce 1 g of extra BWG in comparison with ducks fed the BD (Eq. [1], Agostini et al., 2016) . At 42 d, 14 ducks from each treatment group (2 ducks/cage) were selected based on the treatment average body weight for the evaluation of the carcass traits and feather weight after 8 h of feed deprivation according to previous studies (Guo, 2011; Xie et al., 2017) . The selected ducks were weighed and slaughtered via neck cutting and were eviscerated manually. Carcass (without neck and feet) and breast meat (including pectoralis major and pectoralis minor) were removed manually from carcasses and weighed. The feathers from the body were plucked via a wax bath. The weight before and after plucking was used to determine the feather weight. The percentages of the carcass, breast meat, and feather weight relative to live body weight were calculated and expressed as carcass rate, breast meat rate, and feather rate, respectively. Some downs and plumages were picked from the same location of the body for various ducks and freeze-dried until analysis. The pectoralis major muscles were separated from the carcass and stored at -20
• C until the analyses were performed.
Chemical Analyses
The dry matter, crude protein (N × 6.25), crude fat, crude fiber, and ash in the BD were analyzed according to a previous study (Conde-Aguilera et al., 2016) . Briefly, samples were analyzed for the contents of dry matter (ISO 6496:1999) (ISO 6492:1999) was determined via solvent extraction with isopropyl alcohol and through the subsequent weighing of solids following the evaporation of the solvent. The crude fiber content (ISO 6865:2000) was determined via a method involving intermediate filtration.
The amino acid concentrations in the diets, downs, and plumages were analyzed by using an amino acid analyzer (L-8900, Hitachi, Tokyo, Japan) and ninhydrin post-column derivatization following hydrolysis with 6 N HCl at 110
• C for 24 h. For sulfur-containing amino acids, performic acid oxidation was performed at 0
• C for 16 h prior to acid hydrolysis (Kong and Adeola, 2013) . The free DLM and DL-HMTBA concentration in diets were measured according to a previous study with a minor modification (Agostini et al., 2016) . Briefly, the supplemented DL-HMTBA in feed was extracted via 10% acetonitrile. The extracted DL-HMTBA oligomers were hydrolyzed into monomers by using 50% potassium hydroxide, and the resulting solution was immediately neutralized with phosphoric acid. Monomer separation was then performed via reverse-phase HPLC with ultraviolet detection at 214 nm. The supplemented DLM in feed was extracted via a 0.1 N HCl solution containing thiodiglycol, and the isolated solution was adjusted to pH 2.2 via dilution in a citric acid/lithium citrate buffer. The free DLM was analyzed with the ninhydrin post-column derivatization method. The activities of total antioxidant capacity (T-AOC) and glutathione peroxidase (GPX) and the concentrations of GSH, glutathione disulfide (GSSG), and malondialdehyde (MDA) in the pectoralis major were measured with a colorimetric method using assay kits (A015, A005, A006-1, A061-1, and A003) purchased from the Nanjing Jiancheng Bioengineering Institute of China (Sun et al., 2016; Zhao et al., 2017) .
Statistical Analyses
Each pen was considered to be an experimental unit. Growth performance data and carcass traits were analyzed using the analysis of variance model to determine the treatment effects. An orthogonal contrast was set up to compare the BD to the supplemented ones. In addition, a 2-way analysis of variance model was performed only on the supplemented treatments to determine the effect of the methionine sources and doses. Differences between means were considered to be statistically different for P < 0.05. A Tukey test was performed a posteriori to determine the difference between means.
The antioxidant markers and amino acid compositions of the feathers were analyzed by using the Kruskal-Wallis test due to the heterogeneity of the variances between treatments. A multi-comparison posthoc test was then performed to determine the difference between means (Dunn, 1961) . To access the general effects of the methionine sources and doses on the antioxidant markers, the Mann-Whitney test was performed. Analyses were performed using XLSTAT (Version 2015.3.01.19199) .
Exponential modeling with separate plateaus (Eq. [2]) was used to compare the growth responses obtained for DLM and DL-HMTBA as described by Kratzer and Littell (2006) . The fitted exponential equations took the following form:
In Eq.
[2], y is the BWG, a is the intercept, a + b 1 and a + b 2 are, respectively, the maximum response obtained for each methionine source, x 1 and x 2 are the analyzed total sulfur amino acid (TSAA) intake for each methionine source, and c 1 and c 2 are the steepness coefficients observed, respectively, for DLM and DL-HMTBA. The ratio (c 2 /c 1 ) is used to calculate the relative efficacy of 1 source of methionine to the other. The exponential models were performed using the NLMIXED model procedure of SAS v. 9.4 (SAS, Institute 2012).
RESULTS
Dietary Methionine Levels and Growth Performance
The analyzed concentrations of free methionine of DLM and DL-HMTBA in diets of the starter and grower phases were close to the expected amounts supplemented ( Table 2 ). The analyzed contents of sulfur amino acids in the BDs of the starter (0.61%) and grower phases (0.51%) were close to the expected contents (0.63% and 0.52%, respectively, for the starter and grower phases). Growth performance results are presented in Table 3 . In general, the effects found in the starter period (1 to 21 d) were also observed in the grower period (21 to 42 d) and in the overall experimental period (1 to 42 d). The FI of the BD was significantly different from that of the supplemented treatments. No significant difference of FI was found between DLM (5927 ± 71 g) and DL-HMTBA (5916 ± 74 g). However, FI increased with the dose of methionine (P < 0.0001). The BWG increased in a dose-response relationship with the addition of either DLM or DL-HMTBA inclusion levels. Dietary methionine supplementation did not significantly affect (P > 0.05) the FCR during the starter, the grower, and overall periods.
In addition, the methionine intake increased with the increasing dose of methionine and was similar between DLM and DL-HMTBA. Methionine efficacy, the extra Table 3 . Growth response of Cherry Valley ducks fed either a deficient basal diet in sulfur amino acids or the basal diet supplemented with graded levels of DLM or DL-HMTBA from day 1 to 42. methionine intake per extra weight gain revealed similar values between DLM and DL-HMTBA on the overall period. Methionine efficacy also increased with methionine supplementation. No interaction effects between the source and the methionine inclusion level (P > 0.05) were observed for FI, BWG, FCR, methionine intake, and methionine efficacy throughout the experiment.
Relative bio-efficacy of DLM and DL-HMTBA
An exponential model was fitted for each methionine source between the TSAA intake and BWG from 1 to 42 d by taking all treatment groups into account ( Figure 1 ). As observed in Figure 1 , the BWG followed the same exponential response for the 2 sources and revealed no significant difference between the 2 methionine sources (P = 0.88). The relative bio-efficacy calculated as the steepness coefficient ratio was 99% with a confidence interval of [86%; 112%], thus confirming that DLM and DL-HMTBA have the same bio-efficacy.
Carcass Traits and Feather Weights
Carcass traits and feather responses are presented in Table 4 . The methionine inclusion level significantly affected the carcass and breast meat weights (P < 0.05) at 42 d (Table 4) . No significant difference in the carcass and breast weights was observed between DLM and DL-HMTBA. On the contrary, the methionine source and dose did not significantly affect the feather weight. Only Group 8, supplemented with DL-HMTBA, revealed the highest feather weight in comparison with the BD. The feather weights in the other supplemented groups had higher numerical responses than what was obtained with the BD. No significant interaction was seen between the source of methionine and its inclusion level in the carcass traits and feather weights of ducks at 42 d. Expressed relative to the body weight, the dietary methionine supplementation did not significantly affect the carcass yield and feather yield (P > 0.05) ( Table 4) .
Pectoralis Major Muscle Redox Statuses and Amino Acid Compositions of Feathers
The dietary methionine doses and methionine sources significantly affected the T-AOC, GPX, GSH, GSSG, and MDA activity in the pectoralis major muscle on day 42 (P < 0.05) ( Table 5 ). The T-AOC and GPX activities in the pectoralis major muscle increased (P < 0.05) only in DL-HMTBA supplemented diets (Groups 8 and 9), whereas no significant increase occurred with DLM in comparison with the BD. The GSH concentration increased with increasing methionine dose independently of the source. In addition, a significant difference in GSH was found between the 2 methionine sources. DL-HMTBA (25.5 μmol/g protein) resulted in higher GSH content in the breast muscle compared with DLM (12.0 μmol/g protein). The GSSG concentration similarly increased (P < 0.05) in both the DLM (Groups 3, 4, and 5) and DL-HMTBA (Groups 8 and 9) groups. The MDA concentration increased as the methionine dose increased and revealed no significant difference between DLM and DL-HMTBA. The treatments did not affect the amino acid compositions of the downs and the plumages. In comparison with the BD, the diets supplemented with DLM or DL-HMTBA at the requirement in TSAA (Groups 5 and 9) were not significantly different either (Supplemental Table 2 ).
DISCUSSION
This study indicated that the dietary supplementation of DLM and DL-HMTBA displayed similar efficacy for growth responses in Cherry Valley ducks reared from 1 to 42 d. As expected, dietary methionine supplementation resulted in increased FI, BWG, and methionine efficacy values throughout the experiment compared with the BD group. These outcomes are in agreement with previous studies performed with ducks and broilers (Kluge et al., 2015; Zeng et al., 2015; Agostini et al., 2016) . However, unexpectedly, the FCR observed throughout the experimental period was not affected by the dietary supplementation of either DLM or DL-HMTBA. This was also observed in Kluge et al. (2015) , which compared methionine sources from 0 to 21 d. Total amino acid recommendations for ducks are poorly documented, and only some of the amino acid requirements are known. Given that the diets were formulated according to NRC (1994) , amino acids or crude protein levels might be limiting in the feed, thus explaining the lack of improvement of FCR for supplemented treatments in comparison with the BD. According to Baéza (2016) , methionine, lysine, threonine, and tryptophan Table 4 . Carcass, breast, and feather responses of Cherry Valley ducks fed either a deficient basal diet in sulfur amino acids or the basal diet supplemented with graded levels of DLM or DL-HMTBA from day 1 to 42. 1 * * * P < 0.0001; * * P < 0.01; * P < 0.05; † P < 0.10; ns P > 0.10. 2 DL-HMTBA was 88% pure and was added to the diet considering that all of DL-HMTBA is available for conversion and utilization by the animals. a,b Means (n = 7) within a column lacking a common superscript differ significantly (P < 0.05). DLM = DL-methionine; DL-HMTBA = 2-hydroxy-4-methylthiobutanoic acid are the most limiting amino acids in commercial ducks' diets. In addition, the energy levels of the experimental diets were slightly lower than the recommendations (Grimaud Frères company, 2015; Baéza, 2016) . Therefore, the amino acid recommendations for ducks need to be updated. Moreover, the exponential model revealed that the efficacy of DLM and DL-HMTBA for BWG from d 1 to 42 was nearly identical. Taken together, these results indicated that the 2 methionine sources are equivalent to sustain Cherry Valley duck growth performance, and are in agreement with previous studies performed with Pekin ducks (Kluge et al., 2015) and with studies performed on other poultry species (Agostini et al., 2016) . To the best of the authors' knowledge, this is the first study performed to compare the efficacy of DLM and DL-HMTBA in Cherry Valley ducks from day 1 to 42.
In addition, the use of DLM or DL-HMTBA displayed similar efficiency for carcass traits and feather growth in Cherry Valley ducks. In accordance with a previous study (Zeng et al., 2015) , the supplementation of methionine in the basal-deficient diet in the TSAA led to an increase in the carcass and breast meat weights in ducks. Dietary methionine supplementation resulted in an increase in the feather weight compared with the basal group, which was in accordance with the results observed in a previous study by Guo (2011) . Dietary methionine supplementation did not affect the carcass, breast meat, and feather yields as observed by Guo (2011) and Zeng et al. (2015) . The carcass, breast meat, and feather weights and yields were not different among methionine sources. However, a linear regression model (results not shown) performed on the breast meat yield indicated that it increased linearly with methionine addition (P = 0.021). This is consistent with other studies that showed a degradation in breast yield when methionine (Conde-Aguilera et al., 2016) or lysine was deficient (Tesseraud et al., 2001) . Moreover, another objective was to compare the feather quality in the presence of DLM or DL-HMTBA. Neither methionine supplementation nor the sources affected the amino acid compositions of the downs and plumages of ducks. These results are in agreement with previous studies indicating that the growth and the amino acid composition of feathers are preserved in the case of methionine deficiency (Kalinowski et al., 2003; Urdaneta-Rinconand Leeson, 2004; Conde-Aguilera et al., 2013) . These outcomes could be due to the fact that feather quality is important for the survival of ducks (Urdaneta-Rinconand Leeson, 2004) . Consequently, feather yield and amino acid composition were not affected, even in the case of methionine deficiency. Overall, these results indicated that the biological efficacy of DL-HMTBA for carcass traits and feather growth was similar to that of DLM.
Another interesting finding from this study was that the dietary supplementation of DL-HMTBA resulted in a better antioxidant status in the pectoralis major Table 5 . Redox status in the pectoralis major muscle of Cherry Valley ducks fed either a deficient basal diet in sulfur amino acids or the basal diet supplemented with graded levels of DLM or DL-HMTBA from day 1 to 42. † P < 0.10; ns P > 0.10; NA = Not available. 2 DL-HMTBA was 88% pure and was added to the diet considering that all of DL-HMTBA is available for conversion and utilization by the animals. a-d Means (n = 7) within a column lacking a common superscript differ significantly (P < 0.05). DLM = DL-methionine; DL-HMTBA = 2-hydroxy-4-methylthiobutanoic acid; GPX, glutathione peroxidase; GSH, reduced glutathione; GSSG, glutathione disulfide; MDA, malondialdehyde; T-AOC, total antioxidant capacity muscle compared with DLM. The dietary supplementation of DL-HMTBA resulted in increased antioxidant capacity markers (T-AOC, GPX, and GSH), whereas DLM supplementation only increased GSH in the pectoralis major muscle. GSH levels were higher in DL-HMTBA than in DLM. No difference was found between DLM and DL-HMTBA in the GSSG content of the pectoralis muscle. These outcomes were consistent with previous studies which revealed that dietary methionine increased GPX, superoxide dismutase, and catalase and that it reduced GSH in rabbits, rats, and chickens (Toborek et al., 1995; Wang et al., 1997; Martín-Venegas et al., 2006; Swennen et al., 2011; Willemsen et al., 2011) . Similar results were obtained from recent studies indicating that the dietary supplementation of DL-HMTBA produced more GSH than that of DLM did. As Sun et al. (2016) demonstrated, GSH plays an important role in xenobiotic detoxification. DL-HMTBA is known to be more efficiently converted to cysteine as a constituent of GSH and a precursor of taurine (Martín-Venegas et al., 2006; Swennen et al., 2011; Tang et al., 2011) . MDA as a lipid peroxidation indicator increased in the pectoralis major muscle via both methionine sources' supplementation, which was consistent with previous studies (Toborek et al., 1995; Wang et al., 1997; Tang et al., 2011) . This outcome can be explained by the fact that the metabolites of methionine, such as oxygen and thiol radicals, GSH, cysteine, homocysteine, and proteinbound thiols, are susceptible to initiate lipid peroxidation (Munday, 1989; Tang et al., 2011) . Furthermore, the concentration of MDA in the pectoralis major muscle was not different between methionine sources (DLM vs. DL-HMTBA). Taken together, these results suggest that the dietary supplementation of DL-HMTBA might have a better ability to improve body antioxidant capacity and may offer extra protection or benefits to ducks than that of DLM can under environmental, oxidative, and metabolic stresses, which need to be further elucidated. Animal antioxidant potential at slaughter is the only endogenous reserve allowing for the reduction of the impacts of pro-oxidative events during storage (Tang et al., 2011; Zhang et al., 2011) . Therefore, the improved antioxidant capacity observed with DL-HMTBA made this a better candidate compared with DLM for lowering the oxidation process in the meat during post-mortem storage, and it thereby may contribute to a better quality of duck meat.
In summary, this study revealed that DLM and DL-HMTBA have the same value as sources of methionine do for growth performance, carcass traits, and feather growth in Cherry Valley ducks. Moreover, the DL-HMTBA exhibited better antioxidant capacity in the pectoralis major muscle compared with DLM, which indicated that DL-HMTBA might be a better source of methionine for ducks to cope with stress and remain healthy.
SUPPLEMENTARY DATA
Supplementary data are available at Poultry Science online. Table S1 . Analyzed amino acid composition in the basal diet. Supplemental Table S2 . Amino acid composition in the feather of Cherry Valley ducks fed either a deficient basal diet in sulfur amino acids or basal diet supplemented with graded levels of DLM or DL-HMTBA from day 1 to 42.
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